An ASM1-based mathematical model was developed for the description of the combined activated sludge-biofilter system of the Southpest Wastewater Treatment Plant, Budapest, Hungary. This model includes the interactions of the activated sludge and biofilter units, i.e. the influence of both the clarified activated sludge effluent and the backwashed nitrifying and denitrifying microorganisms. Concentration profile measurements have been carried out throughout the combined system in order to track the biological processes. Optimization possibilities of the existing combined plant were investigated by mathematical simulations under the different detected operational conditions. In these studies concentration data measured on separate days and the appropriate flow rates of the preclarified influent and the recycled streams registered at the treatment plant were used. Simulation results showed that N-removal of the activated sludge unit could be highly intensified by appropriate aeration, that would facilitate the efficient growth of backwashed biomass. However, in some cases, shortage of readily biodegradable carbon source proved to be the limit of the benefits available.
ification was developed for possibly using the carbon source of the wastewater for denitrification through recirculating the nitrate-rich effluent of the N-filters to the head of the 8 stage activated sludge unit (see Fig. 1 ). Therefore, in the first four basins of the activated sludge system also mixers were installed to be able to maintain anoxic conditions. In the current operation, the 1 st and the 2 nd basins are anoxic and the 3 r d and 4 th ones are aerated. Regarding the short capacity of the existing secondary clarifiers, recirculation of the nitrified wastewater was assumed to be feasible only until the plant reaches the nominal influent flow-rate. Both filters are backwashed by the effluent of the Nfilter, and the excess biomass is wasted through the activated sludge unit. It was assumed that this technological solution may provide seeding for the activated sludge unit [2] and may, therefore, enhance and stabilize the randomly occurring nitrification observed earlier [4] . However, in order to verify or abandon this hypothesis and analyse the different treatment options, a mathematical model had to be developed for the simulation of the interactions in the combined activated sludge-biofilter system.
Simulation Model Description of the Model
In the simulation studies the Activated Sludge Model (ASM) No.1 [3] was used as a basis. This had to be supplemented with the description of the quality of the unified recirculated streams deriving from the backwash water of the N-and DN-filters as well as from the nitrate-rich effluent of the N-filter. In the course of describing the processes occurring in the biofilters, the following assumptions were made [5] :
• Concentration of NO 3 -N in the N-filter effluent was calculated regarding the difference of influent and effluent NH 4 -N concentrations, supplemented by the concentration of eventually occurring NO 3 -N coming from the activated sludge unit. Incorporation of nitrogen into biomass was assumed to be negligible.
• It was assumed that practically all of the suspended solids leaving the secondary clarifier of the activated sludge unit are retained in the N-filter, which was in accordance with the observations. Estimation of the total effluent suspended solids concentration of the secondary clarifiers was based on measured data, whereas the ratio of the different fractions was adjusted to the results of the ASM1 model applied.
• It was hypothesized that all of the suspended solids having left the secondary clarifiers or having been produced in the filters are fully backwashed and, therefore, end up in the influent of the activated sludge unit.
Production of autotrophic bacteria (P aut ) in the N-filters was calculated by using Eq. dicates the total flow rate through the N-filters. The value of Y N H 4 −N was set to 0.32 g biomass COD g −1 NH 4 -N [5] .
In the DN-filters of the Southpest WWTP methanol is used as external carbon source. The production of the relevant heterotrophic bacteria can be described by Eq. (2) .
where Y X/MeO H is the heterotrophic yield on methanol as carbon source and was set to 0.4 g biomass COD g −1 COD MeOH on the basis of the data available in the literature (see [5] ). R MeO H/N O 3 −N is the rate of methanol consumed for nitrate elimination. Considering that in the post denitrification filter nitrate serves both as nitrogen source and as electron acceptor, the value of R MeO H/N O 3 −N was set to 4.1 g methanol COD g −1 NO 3 -N. Since the recirculated effluent of the N-filter as well as the backwashed biomass of the different biofilm reactors may considerably change the quality of the influent of the activated sludge system, and the activated sludge effluent quality influences the quality of the recycled streams, the calculations necessarily involved an iteration routine. The eventual inactivity of the recirculated biomass, caused by the different conditions in the activated sludge basins and the biofilters, were modelled through the 'viability factor' ( f v ), representing the ratio of the recirculated biomass being active in the activated sludge system.
Simulation of Different Design Options
Simulation studies were carried out in order to investigate the effects of backseeding on the performance of the combined activated sludge-biofilm system, simulation studies were carried out [5] . Mean values of representative plant data were used as operational parameters. Values of the kinetic and stoichiometric parameters were taken from the literature [3] .
Data obtained for three different design options at different temperatures are shown in Fig the recycled sludge to the anoxic basins. After all, it is obvious that considerable amounts of methanol and related aeration energy costs can be saved by choosing the optimum operational settings.
Evaluation of the plant startup data supported that under certain conditions, efficient nitrification may occur in the activated sludge unit (see Fig. 3 from 10.8 to 10.14). Simulation with the corresponding data proved that this nitrification efficiency can only be achieved in case of backseeding of the nitrifying biomass from the N-filter and appropriate aeration of the activated sludge basins [5] . Table 1 .
Assuming that in the aerated reactors the same DO (dissolved oxygen) concentration values can be maintained with or without nitrification, altough the aeration demand is highly different in the two cases, the following possibilities were tested during the simulation studies:
• Option 'Inefficient seeding, measured DO': the calculations were made with the measured DO values and with the assumption that most of the recirculated nitrifiers are unable to grow and become inactive through lysis in the activated sludge basins, due to the inappropriate aeration at the measured DO concentration values ( f v =0.1).
• Option 'Efficient seeding, measured DO': most of the recirculated nitrifiers were presumed to remain active in the activated sludge basins due to appropriate air supply at the measured DO concentration values ( f v =0.9).
• Option 'Efficient seeding, appropriate DO': the viability factor was maintained at f v =0.9, and the DO values were set to 0 mg l −1 in the anoxic basins and at least to 2 mg l −1 in the aerated basins in order to simulate favourable conditions for both nitrification and denitrification.
Measured and calculated activated sludge effluent NH 4 -N concentration values are presented in Fig. 4a . It can be concluded that the option 'Inefficient seeding, measured DO' fits best the measured data, which may refer to the fact, that due to the inappropriate conditions, the nitrifying biomass could not efficiently grow in the activated sludge unit. Simulation with efficient seeding at the measured DO values shows that in case of enough air supply, nitrification takes place in the activated sludge basins resulting in highly decreased effluent NH 4 -N and increased NO 3 -N concentrations (see Figs. 4a and 4.b) values. At the same time, in most of the cases the TIN concentration (see Fig. 4c ), and consequently the methanol and aeration costs also decrease because of the denitrification of the nitrate recirculated into the anoxic activated sludge basins. Through applying appropriate DO levels ('Efficient seeding, appropriate DO') even more efficient denitrification and nitrification may be achieved in the activated sludge system, resulting in lower effluent TIN values. It is important to note, that in some of the cases, the nitrate concentration of the activated sludge effluent could have been decreased by increased recirculation of the nitrified nitrate in the aerated basins.
As Fig. 4c shows, the benefits of backseeding and appropriate aeration in the N-removal proved to be different in the different investigated cases. The cause of this difference is basically the different availability of the readily biodegradable substrate (S s ) for denitrification. For example on 04.08, 15.7 mg l −1 excess nitrogen could be removed in case of efficient backseeding and appropriate aeration, at a relatively high (4.24) influent S s /NH 4 -N ratio. On the contrary, on 17.08, only 3.5 mg l −1 excess nitrogen could be removed because of the low (2.26) influent S s /NH 4 -N ratio. Amount of excess nitrogen removed was calculated as the difference between the activated sludge effluent TIN values of the options 'Inefficient seeding, measured DO' and 'Efficient seeding, appropriate DO'. This value, divided by the TIN values of the option 'Inefficient seeding, measured DO' gives the relative improvement of N-removal efficiency in the activated sludge system, that has been presented in Fig. 5 , as a function of the influent S s /NH 4 -N ratio. Obviously, at lower (2-3) S s /NH 4 -N ratios, the benefit is relatively low, because of the deficiency of carbon source for denitrification. On the contrary, at higher S s /NH 4 -N ratios more than 35% relative improvement of the Nremoval efficiency could be achieved in spite of the unchanged recirculation rate. Current and earlier [5] simulation data refer to the fact that the efficient backseeding is basically hindered by the inappropriate aeration of the activated sludge unit. In order to illustrate the aeration deficiency of the activated sludge unit, the volumetric oxygen demands were calculated (with 1 st and 2 nd basins not aerated) at the same DO level with and without efficient backseeding (see Fig. 6 ). At the measured low DO concentrations nitrification may basically start only in the 6 th basin and therefore the volumetric oxygen demand jumps up just in the last 3 basins from 1100-1300 gO 2 m −3 d −1 to 2200-2500 gO 2 m −3 d −1 . At appropriate DO values (0 mg l −1 in the anoxic basins 2 mg l −1 in the aerobic basins) the volumetric oxygen demand profile looks highly different from that of the measured DO, because the relatively high DO values enable efficient nitrification, and elimination of most of the ammonia already in the 3 r d -5 th basins.
Conclusions
Simulation studies with the ASM1-based mathematical model developed for the description of combined activated sludge-biofilm systems showed, that backseeding with the nitrifying biomass of the N-filters may enhance nitrification in the activated sludge unit. This may lead to considerable improvement in the treatment efficiency and to savings in the operation costs. Full-scale data of the startup period of the Southpest Wastewater Treatment Plant verified that under certain conditions, efficient nitrification does occur in the high load activated sludge unit. Evaluation of the full-scale results showed that in the investigated period the aeration was not sufficient for covering the oxygen demand of the efficient growth of nitrifiers. Simulation results suggested, that appropriate aeration facilitates efficient backseeding, however, improvement of N-removal in the activated sludge system is influenced by the ratio of readily biodegradable carbon source to ammonia content of the influent wastewater. 
